ABSTRACT: We examined the UV resonance Raman (UVRR) spectra of four models of the Arg side chain, guanidinium (Gdn), ethylguanidinium (EG), arginine (Arg), and Ac-Arg-OMe (AAO) in H 2 O and D 2 O, in order to identify spectral markers that report on the environment of the Arg side chain. To elucidate the resonance Raman enhancement mechanism of the Arg side chain, we used density functional theory (DFT) to calculate the equilibrium geometries of the electronic ground state and the first excited state. We determined the vibrational mode frequencies of the ground state and the first derivative of the first electronic excited state potential energy with respect to each vibrational normal mode of the electronic ground state at the electronic ground state equilibrium geometry. The DFT calculations and the potential energy distributions reveal that, in addition to the Gdn group C−N stretching vibrations, the C−N bond stretching vibration of the Gdn group-methylene linkage is also strongly resonance-enhanced in EG, Arg, and AAO. From the UVRR spectra, we find that the Raman cross section and frequency of the ∼1170 cm −1 vibration of the Arg side chain depends on its hydration state and can be used to determine the hydration state of the Arg side chain in peptides and proteins. We examined the hydration of the Arg side chain in two polyAla peptides and found that in the α-helical conformation the Arg side chain in the AEP peptide (sequence: A 9 RA 3 EA 4 RA 2 ) is less hydrated than that in the AP peptide (sequence: A 8 RA 4 RA 4 RA 2 ).
■ INTRODUCTION
UV resonance Raman (UVRR) spectroscopy has been shown to be a powerful tool to study the conformations and folding dynamics of peptides and proteins. 1−10 Excitation in the deep UV (<230 nm) selectively excites protein backbone vibrations and amino acid side chain vibrations. The side chain vibrations are sensitive to hydration and hydrogen bonding. The UVRR spectra of tryptophan, 11−18 tyrosine, [11] [12] [13] 19 phenylalanine, 11, 12, 19 and histidine 18, 20 have been extensively studied, while the UVRR spectrum of the arginine (Arg) side chain that is resonance enhanced by ∼200 nm excitation has been little investigated.
Hudson and co-workers 21 systematically studied the electronic and vibrational modes of guanidinium (Gdn) and some substituted derivatives. They studied the excitation profiles of Gdn, methylguanidinium, and N,N-dimethylguanidinium in both H 2 O and D 2 O. They calculated the electronic ground and first excited states of these compounds using the semiempirical intermediate neglect of differential overlap/screened approximation (INDO/S) method and assigned some of the Raman bands; however, due to their relatively poor spectral resolution and their poor signal-to-noise ratios, they were unable to study ethylguanidinium (EG) and Arg in detail.
The Arg side chain is positively charged up to pH 12 and should be strongly hydrated in water. Early measurements of the Arg amino acid distribution coefficient between water and the vapor phase suggested that Arg is the most hydrated residue; the hydration energy is double that of negatively charged Asp or Glu. 22 More recent studies implied that Arg might not be as hydrated as previously suggested. Mason et al., 23−25 on the basis of neutron diffraction and molecular dynamics (MD) simulations, claimed that Gdn could form dimers in aqueous solution. Hunger et al. 26 used broadband dielectric relaxation spectroscopy to examine the hydration of Gdn and found that Gdn does not bind strongly to water molecules. McQuinn et al. 27 utilized energy-dependent ESI-MS/MS to study the dehydration of Gdn-water and methylated Gdn-water nanodroplets and found that the number of water molecules bound to the Gdn group decreases upon alkyl group substitution. These studies suggest that the Gdn group in Arg might not be very hydrated.
Garcı́a et al., 28 using MD simulations, calculated that the mean residence time of water in the hydration shells of Arg residues in proteins was comparable, and even slightly less than that of negatively charged Asp and Glu; this result indicated that Arg is not more hydrated than the other charged residues. The conclusions of Garcı́a et al. were later confirmed by wholeresidue hydrophobicity scales obtained by measuring the transfer free energy of a specific residue in a host peptide from water to a bilayer interface or to n-octanol. 29 On the whole-residue hydrophobicity scale, Arg is the least hydrated charged residue (among Lys, His, Glu, and Asp).
We here extend the work of Hudson and co-workers to EG, Arg, and N-acetyl arginine methyl ester (Ac-Arg-OMe, AAO). The ethyl substituent of EG breaks the Gdn symmetry, turning on some Raman inactive vibrations in Gdn to result in a different UVRR spectrum. AAO is an N-acetyl-capped arginine methyl ester, modeling the Arg residue in peptides. Our recent study on the Arg residue Raman excitation profile suggested that the Arg side chain electronic transitions would interact with the peptide backbone amide π−π* transition. 30 Figure 1 shows the molecular structures of Gdn, EG, Arg, and AAO.
We measured the 204 nm excited UVRR spectra of Gdn, EG, Arg, and AAO and used density functional theory (DFT) to calculate their electronic ground and first excited state conformations and their resonance Raman spectra. We also find that the ∼1170 cm −1 Arg band is sensitive to the hydration of the Gdn group. We used this marker band to study the conformational dependence of the hydration of Arg in the peptides AP (sequence: A 8 Synthesis of Ethylguanidinium Perchlorate and AcArg-OMe Perchlorate. Due to the high charge density of sulfate and chloride anions, EGS and AAOC are insoluble in acetonitrile. We exchanged the sulfate and chloride counterions to perchlorate in order to make the compounds soluble.
To convert EGS and AAOC into ethylguanidinium perchlorate (EGPC) and Ac-Arg-OMe perchlorate (AAOPC), ∼0.1 M Ba(ClO 4 ) 2 or ∼0.1 M AgClO 4 was slowly added to the ∼0.1 M EGS or ∼0.1 M AAOC aqueous solutions to form insoluble BaSO 4 or AgCl, respectively. The suspension was centrifuged several times to remove the precipitate. The supernatant was collected and gently heated with stirring to evaporate the water. The resulting EGPC and AAOPC were very light yellow viscous ionic liquids at room temperature. The yellow color derived from impurities. The calculated yields were 93% and 105%, respectively. The fact that the yield was greater than 100% indicated that a small amount of water remained in AAOPC.
204 nm Excited UVRR Spectra. The UVRR instrumentation has been described in detail elsewhere. 31 Briefly, the 204 nm excitation beam, generated from the frequency mixing of the fundamental and the third harmonic of a Nd:YLF pumped Ti:Sapphire laser (Photonic Industries, Inc.), was directed to an open flow sample stream. The backscattered Raman light was collected and then dispersed using a partially subtractive double monochromator and finally detected by a liquid nitrogen cooled, Lumogen coated, back-thinned CCD camera (Princeton Instruments Spec-10:400B).
The Raman scattering cross section of a specific band is calculated by:
where σ is the Raman scattering cross section, c represents the concentration, I is the integrated intensity of a specific band, and η is the instrument efficiency at the frequency of the specific Raman band. The subscript S denotes the sample, which is EG or AAO, while the subscript IS denotes the perchlorate internal standard. The instrument efficiencies at the sample band (η S ) and the internal standard band (η IS ) were assumed to be equal. The Raman scattering cross section of perchlorate was estimated to be 0. 32 DFT Calculations. The electronic ground state equilibrium structures of Gdn, EG, Arg, and AAO, as well as their electronic ground state vibrational frequencies, were calculated at the B3LYP/aug-cc-pVTZ level in water using the polarizable continuum model (PCM) to model solvent effects with the Gaussian 09 package. 33 The calculated frequencies were not scaled. The potential energy distributions (PED) of the vibrational normal modes were calculated using a program that we wrote. 34−36 The force along a ground state vibrational normal coordinate in the first electronic excited state at the ground state equilibrium geometry is the negative of the first derivative of the first electronic excited state potential energy function with respect to the ground state normal coordinate at the ground state equilibrium geometry. These first electronic excited state forces at the ground state equilibrium geometry, the first electronic excited state equilibrium geometries, and the vibrational frequencies of Gdn and EG were calculated by time-dependent DFT at the B3LYP/aug-cc-pVTZ level in water with the PCM using the Gaussian 09 package. 33 The atomic charges were calculated using the atoms-in-molecules (AIM) method using the Bader charge analysis program developed by Andri Arnaldsson, Wenjie Tang, and Graeme Henkelman from the University of Texas at Austin. 37−39 ■ RESULTS AND DISCUSSION Vibrational Assignments. Guanidinium. Figure 2 shows the 204 nm excited UVRR spectra of Gdn, EG, Arg, and AAO in both H 2 O and D 2 O. The Gdn UVRR spectra are very similar to those measured by Hudson and co-workers. 21 resonance enhanced as shown below. This band is sensitive to the environment of the Gdn group. In EG and EG-d, the CN 3 symmetric stretching motion is distributed over several bands. We are unable to unambiguously assign the bands below 1100 cm Table 4 . In addition to enhancement of Arg vibrations, the AAO and AAO-d UVRR spectra show enhancement of amide vibrations because the amide π−π* electronic transition is also in resonance with 204 nm excitation. The AmI band overlaps with the Gdn group (16), C2−N 3 as str′ (16) (5) a as str: asymmetric stretching; s str: symmetric stretching; scs: scissoring; rock: rocking; wag: wagging; twist: twisting; ipb: in-plane bending; s def: symmetric deformation. . The band at 1452 cm −1 in AAO and the shoulder appearing at ∼1435 cm −1 in AAO-d are assigned to the overtones of the CN 3 out-of-plane deformation modes. The narrow band at 1381 cm −1 originates from the coupling of the methyl CH 3 bending mode of the acetyl group with the N−H bending mode of the amide bond. The AmIII band occurs at 1319 cm −1 . The AAO 1170 cm −1 band that involves C13−N16 stretching is wellresolved in the UVRR spectrum. This band is equivalent to the 1180 cm −1 band of EG and is also sensitive to the Gdn group environment.
For AAO-d, the AmI, AmII, and AmIII bands disappear, while the AmII′ band (C−N stretching) appears at 1483 cm −1 , revealing the CN 3 asymmetric stretching at 1617 cm −1 . The weak, broad bump at ∼1376 cm −1 is probably an overlapping methylene CH 2 wagging band.
Calculated Electronic Ground State Structures of Gdn and EG. The calculated electronic ground state equilibrium geometry of Gdn in water has C 2 symmetry, which is different from those geometries calculated in the gas phase. 40 , 41 Gobbi and Frenking examined the electronic structure of Gdn and concluded that the resonance stabilization of Gdn is not strong enough to constrain the molecule to have D 3h symmetry. 41 The calculated Gdn group electronic ground state geometry of EG is similar to that of Gdn; however, in EG the C2−N3 bond is 0.001 Å shorter, while the C2−N1 and C2−N4 bonds are 0.005 Å and 0.002 Å longer than the corresponding C−N bonds of Gdn (Table 5 ). The shortening of the C2−N3 bond is due to electron release by the adjacent ethyl group, allowing the positive charge on the Gdn group to extend into the ethyl group (Table  6) .
The sp 2 hybridization of the N3 nitrogen atom requires the C2, N3, H7, and C10 atoms to be planar; however, the N3, H7, C10, and C13 atoms are not planar due to the sp 3 hybridization of the C10 carbon atom.
We calculated the effect of changing the torsion angle of the C13−C10−N3−C2 linkage on the energy of EG using DFT. The calculated potential energy surface along the C13−C10− N3−C2 torsion angle (Figure 3 ) is consistent with a previous report 42 that indicated the trans-conformation (180°) is the global energy minimum. Two local minima corresponding to ±90°conformations exist 2.4 kJ·mol −1 above the global minimum. At 298 K, with the thermal energy correction, which corrects the Gibbs free energy by accounting for the molecular translational energy, rotational energy, and vibrational energy at 298 K and 1 atm, the energy gap is 6.6 kJ·mol −1 . The population fractions of these three conformers are calculated from the Boltzmann distribution to be 0.88, 0.06, and 0.06, respectively. Based on these calculations, EG likely occurs in a conformational distribution. The low energy barriers of ∼5 kJ·mol −1 (Figure 3 , with thermal energy correction at 298 K and 1 atm, the barrier is ∼9 kJ·mol ) suggest fast transitions between the conformers. Calculated First Electronic Excited State Structure of EG. The equilibrium geometry displacement of the first electronic excited state and the first electronic excited state force along each vibrational normal coordinate of the electronic ground state at the ground state equilibrium geometry are related to the Raman scattering cross section as shown below. Generally, along a vibrational normal coordinate, the larger the vertical transition first electronic excited state force, or the larger the nuclear displacement of the first electronic excited state equilibrium geometry from the electronic ground state (11) (16), C18−N 3 s str (1), C18−N19N20 scs (7) a as str: asymmetric stretching; s str: symmetric stretching; scs: scissoring; rock: rocking; wag: wagging; twist: twisting; ipb: in-plane bending; def: deformation. equilibrium geometry, the larger the corresponding vibrational mode resonance Raman scattering cross section. In order to elucidate the resonance Raman enhancement mechanism of the EG vibrations, we calculated the first electronic excited state equilibrium geometry of EG and the first electronic excited state force along each vibrational normal coordinate of the electronic ground state at the electronic ground state equilibrium geometry using the time-dependent DFT method in the Gaussian 09 software package, as described above in the Experimental section.
The equilibrium geometry of the first electronic excited state of EG significantly differs from that of the electronic ground state. The C2−N3 bond length increases by 0.036 Å (2.7%); the C2−N1 bond increases by 0.075 Å (5.6%), and the C2−N4 bond increases by 0.078 Å (5.9%) ( Table 5 ). The elongations of these CN bonds are presumably responsible for the large resonance Raman enhancement of the CN 3 stretching vibrations (Figure 4 ) in the UVRR spectra of EG. Tables 1−4 list those vibrations that involve more than 5% CN 3 stretching contributions for Gdn, EG, Arg, and AAO. Table 6 shows the calculated atomic charges of EG in both the electronic ground and first excited states. The atomic charge differences between the electronic ground and first excited states clearly indicate that significant electron transfers occur between the electronic ground state and the first electronic excited state. This electron transfer causes the pyramidalization of the central carbon atom, which is consistent with the previous calculations for Gdn by Hudson and co-workers using the semiempirical INDO/S method. 21 Also, the first electronic excited state structure of AB 3 molecules was first examined and predicted to be somewhat pyramidal by Walsh in the 1950s. 43 In the electronic ground state, the C2 carbon atom is sp 2 hybridized, and the perpendicular p orbital of the C2 carbon overlaps with the three p orbitals of the three nitrogen atoms. In the first electronic excited state, the C2 carbon atom carries more electron density. This increased electron density of the C2 carbon in the excited state causes orbital rehybridization from sp 2 to sp 3 -like, which results in pyramidalization. The sp 3 -like hybridization of the central C2 carbon atom also explains the elongations of the three Gdn group CN bonds; σ bonds involving sp 3 hybridized orbitals are longer than those involving sp 2 hybridized orbitals. The pyramidalization of the C2 carbon in the first excited state results in a nonplanar CN 3 geometry that gives rise to a large displacement along the CN 3 out-of-plane deformation normal coordinate. The overtone of this CN 3 out-of-plane deformation appears as a strong band in all compounds studied here. Recently, we studied the excitation profiles of Arg and found that the overtone of the CN 3 out-of-plane vibration is enhanced as the excitation wavelength is tuned into resonance. 30 Figure 5 shows the calculated EG first electronic excited state structure and HOMOs. In the first electronic excited state, the C2−N1 and C2−N4 bonds are elongated more than the C2−N3 bond ( Table 5 ). The elongations of these bonds diminish the overlap of the two perpendicular p orbitals of the N1 and N4 nitrogen atoms with the p orbital of the C2 carbon. The C2−N1 and C2−N4 bonds rotate by ∼90°( Figure 5 ), enabling the two p orbitals to partially overlap; however, the two nitrogen atoms are too far away from each other (2.247 Å) to form a normal σ bond. The resulting overlap is not as efficient as the overlap of the C2− N3 p orbitals with normal π-bond character. Therefore, the molecular orbital of this N1−N4 "σ bond" has a higher energy than that of the C2−N3 normal π-bond. The four molecular orbitals formed from the four p orbitals (one from the central carbon and three from the nitrogen atoms) in the first electronic excited state occur in an increasing energy order: the bonding π-orbital between the C2 carbon and the N3 nitrogen, the in-phase overlap between the N1 and N4 nitrogen p orbitals, the out-ofphase overlap between the N1 and N4 nitrogen p orbitals, and the antibonding π-orbital between the C2 carbon and the N3 nitrogen.
Calculation of the UVRR Spectra of EG and EG-d. Using time-dependent Raman theory, 44−47 under the Born−Oppenheimer approximation and the short time dynamics approximation, Heller et al. predicted that, for the resonance and preresonance Raman cases, the square of the Raman polarizability of the kth vibrational normal mode, |α k | 2 , is proportional to the square of the force (V k ) on the first electronic excited state potential energy surface along that particular vibrational normal coordinate k at the electronic ground state equilibrium geometry. The Raman scattered intensity also increases with the excitation frequency to the fourth power,
where ω I and ω k are the excitation frequency and the kth vibrational frequency, respectively. Using eq 2, the relative resonance Raman intensity of each vibrational normal mode of EG and EG-d was calculated from the first electronic excited state force along each vibrational normal mode that was obtained from DFT and TD-DFT calculations. Assuming a Lorentzian band shape with a FWHM of 20 cm −1 for each mode, the resonance Raman spectra of EG and EG-d were calculated and are shown in the bottom panel of Figure 6 . For comparison, the experimental spectra are shown in the top panel of Figure 6 .
The calculated spectra from eq 2 moderately agree with those measured. In the calculated spectra, the bands involving CN 3 asymmetric stretching between 1500 cm −1 and 1700 cm −1 and the bands involving CN 3 symmetric stretching between 900 cm −1 and 1200 cm −1 are resonance-enhanced, which is expected from the calculated large bond length increase along the three CN bonds of the Gdn group.
The experimentally observed 1466 cm −1 EG and 1451 cm
EG-d overtone bands are missing in the calculated spectra. Equation 2 only describes the fundamental vibrational band intensities and intrinsically does not include overtone or combination band intensities. It is evident from Figure 6 that the 1180 cm −1 band, which involves C10−N3 stretching, is resonance-enhanced. From our experimental UVRR spectra, we find that this band can be used to determine the hydration state of the Arg side chains in peptides and proteins, as discussed below.
If no vibrational frequency change or Duschinsky rotation occurs between the electronic ground state and the first excited state, it is straightforward to rewrite eq 2 as:
where Δ k is the displacement of the equilibrium geometry of the first electronic excited state from the electronic ground state along the kth dimensionless vibrational normal coordinate. Equation 3 is widely used in the interpretation and prediction of resonance Raman spectra. For Gdn and Gdn-d, the strongly resonance enhanced ground state CN 3 symmetric stretching vibration remains almost identical to that in the first electronic excited state (Table 7) . Thus eq 3 is valid to analyze the enhancement of this particular mode. However, for EG and EGd, the excited state vibrational normal modes change significantly from those of the ground state, indicating that a significant Duschinsky rotation is occurring for these vibrations (Table 8) .
Obviously the first electronic excited state vibrational frequencies will differ from those in the electronic ground state. Therefore, the applicability of eq 3 for EG and EG-d to interpret resonance Raman spectra becomes questionable. UVRR Spectra of EG in Water and in Acetonitrile. To study the effect of the environment on the UVRR spectrum of the Arg side chains, we examined the 204 nm excited UVRR spectra of EGPC in water and in acetonitrile (Figure 7a) . Most of the bands in acetonitrile are significantly more intense than those in water. To understand this phenomenon, we measured the UV absorbance spectra of EG in both water and acetonitrile ( Figure  7b ) and found only small differences. The difference spectrum shows an additional weak, broad band at ∼200 nm. At 204 nm, the absorbance of EG in acetonitrile is about 15% greater than that in water.
The Raman band frequencies of EG in acetonitrile are slightly downshifted compared to those in water. Particularly, the 1180 cm −1 band in water downshifts to 1174 cm −1 in acetonitrile. This
Arg side chain band occurs in a region that generally does not overlap with the amide vibrational bands in the UVRR spectra of proteins and peptides. Thus, this band can be conveniently used to probe the local environment and hydrogen bonding state of the Arg side chains. The other Arg side chain bands, such as the CN 3 asymmetric stretching bands between 1500 cm −1 to 1700 cm −1 , unfortunately, are overlapped by amide bands. Our observed frequency increase of the UVRR 1174 cm
band of EG in acetonitrile to 1180 cm −1 in water is consistent with the IR study of Braiman et al. 48 With acetate as a counterion, they observed a higher frequency for this band in nonpolar solvents than in polar solvents, such as H 2 O, methanol, and DMSO. The 1174 cm −1 band has contributions from the Gdn group NH 2 bending vibrations ( Table 2 ). The hydrogen bond between the Gdn NH 2 and the hydrogen bonding acceptor molecule makes the NH 2 group more difficult to bend and (7) a as str: asymmetric stretching; s str: symmetric stretching; scs: scissoring; rock: rocking; wag: wagging; twist: twisting; ipb: in-plane bending; as def: asymmetric deformation; s def: symmetric deformation; tor: torsion. (41) narrows the potential well, thus increasing the bending force constant. Therefore, stronger NH 2 hydrogen bonding would upshift the frequency of this band. 49 Acetate is a strong hydrogen bond acceptor and can form a strong hydrogen bond with the EG NH 2 in nonpolar solvents resulting in an increased frequency of the 1174 cm −1 band. Therefore, the higher frequency observed in nonpolar solvents compared to polar solvents is due to the interaction of EG with the acetate counterion, not due to the decreased interaction with the nonpolar solvent molecules themselves.
In polar solvents, they observed a lower frequency of this band compared to nonpolar solvents because the polar solvent molecules form weaker hydrogen bonds with the EG NH 2 than does the acetate counterion. Since large numbers of polar solvent molecules are present, they compete with the acetate counterions and prevent the acetate from forming hydrogen bonds with the EG NH 2 . Therefore, the lower frequencies they observed in polar solvents most likely reflect the weaker hydrogen bonding between the polar solvent molecules and the EG NH 2 . These arguments are supported by the fact that the frequency dependence of this band on the identity of the counterion only occurs in the solid state or in nonpolar solvents, while in polar solvents this dependence disappears. 48 In our experiment, the perchlorate counterion is a weak hydrogen bond acceptor and is expected to have little interaction with the EG NH 2 in either water or acetonitrile; thus, it has little impact on the EG frequency even in the less polar acetonitrile solvent. Therefore, the frequency shift of the 1174 cm −1 band observed here reflects the differences in the interactions of EG with water and acetonitrile.
Hydration of Guanidinium Group. . We utilize a simple binding model to rationalize the Raman spectral dependences on EG hydration. Upon addition of water into the EG acetonitrile solution, the free EG is bound by water and hydrated:
Assuming ideal solution behavior, by definition, the apparent association constant is:
For a water mole fraction of x, the relative fraction of dehydrated EG is η(x) = [EG]/([EG] Total ); then eq 4 is:
It is possible to obtain an explicit expression of [H 2 O] in terms of x from the densities and molecular weights of water and acetonitrile and assuming ideal solution behavior: 
The apparent Raman cross section can be treated as a sum of the cross sections of free and bound EG:
By combining eqs 4, 5, and 6, eq 7 becomes: 
Fitting the EG data to eq 8 gives σ EG = (6.6 ± 0.2) × 10 −26 , n = 2.1 ± 0.9, and K = 0.09 ± 0.10 ( Figure  8 ).
This hydration model is highly simplified. This model can only distinguish between hydrated and dehydrated EG in solution. n, representing the phenomenological hydration level of the molecule, is ∼1.8 for EG and ∼2.1 for AAO, suggesting that the Gdn group binds ∼2 water molecules. This is consistent with previous reports on the hydration of the Gdn compounds. 23−27 The formation of Gdn dimers 23 Arg UVRR band by assuming that the Raman band shape S(v) has contributions from two different hydrated forms:
where I DH and I FH are the integrated band intensities of the dehydrated and fully hydrated components respectively. σ DH = ∫ S DH (ν) dν and σ FH = ∫ S FH (ν) dν are the integrated Raman scattering cross sections of the ∼1170 cm −1 band, which are assumed to be equal to the cross sections of AAO in acetonitrile and in water, respectively. I DH and I FH are obtained by fitting the measured 1170 cm −1 UVRR band with two Gaussian bands. The dehydrated fractions, w DH , are estimated to be 0.27 for AP and 0.45 for AEP. Using our calculated α-helical fraction, f H , of 0.51 at 4°C for AEP and AP, we further estimate from eq 13 that, on average, ϕ DH = 0.53 for the three Arg side chains of AP, while ϕ DH = 0.89 for the two Arg side chains of AEP.
We can identify four Arg side chain states in AP or AEP: (1) the dehydrated Arg side chain in the PPII-like unfolded state, Arg U ; (2) the hydrated Arg side chain in the PPII-like unfolded state, Arg(H 2 O) 2.1 U ; (3) the hydrated Arg side chain in the α-helix folded state, Arg(H 2 O) 2.1 F ; and (4) the dehydrated Arg side chain in the α-helix folded state, Arg F . Scheme 1 shows the thermodynamic cycle between these side chain states. Table 9 gives the fractions of these four Arg side chain states, equilibrium constants, and corresponding Gibbs free energies of the transition between these four states.
It appears that the Arg side chains in the α-helical conformation are mainly dehydrated. These Arg side chains likely pack against the α-helix backbone where they are shielded from water. This packing also protects the α-helix intrapeptide hydrogen bonds from water, which increases the α-helix stability. This configuration is consistent with Garcı́a's MD simulations. 52 This packing process releases bound water molecules from the Arg side chains and eliminates the unfavorable interactions between water and Arg side chains. Thus, it is favorable for the peptides to fold into α-helix conformations. The Arg side chains in AEP are less hydrated than those in AP, most likely due to the presence of more α-helix-turn-α-helix conformations 51 that may further shield the Arg side chains from the access of water.
■ CONCLUSION
We used UVRR spectroscopy and DFT calculations to examine resonance Raman enhancement in Gdn, EG, Arg, and AAO. We examined the calculated ground and first excited state structures and assigned most of the UVRR bands above 1100 cm −1 . We have examined the origin of resonance enhancement of the Gdn side chain vibrations. The UVRR scattering cross section and the frequency of the ∼1170 cm −1 Arg band in peptides and proteins provide monitors for the local environment of the Gdn group. To rationalize the cross section dependence on hydration, a simple hydration model was applied to EG and AAO. By applying this model to two polyAla peptides, AP and AEP, both containing Arg residues, we were able to identify different hydration states for different conformations. It was found that the AEP Arg side chain in the α-helical conformation is more dehydrated than the AP Arg side chain in its α-helical conformation. 
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